Abstract In 2012 the production of CH 4 from hydrate-bearing sediments via CO 2 injection was conducted in the framework of the Iġnik Sikumi Field Trial in Alaska, USA. In order to preserve the injectivity by avoiding a formation of CO 2 hydrate in the near-well region, a mixture containing 77 mol% N 2 and 23 mol% CO 2 was chosen. The interpretation of the complex test results was difficult, and the nature of the interaction between the N 2 -CO 2 mixture and the initial CH 4 hydrate could not be clarified. In this study we present the results of our experimental investigations simulating the Iġnik Sikumi Field Trial at different scales. We conducted (1) in situ Raman spectroscopic investigations to study the exchange process of the guest molecules in the hydrate phase on a molecular level in a flow-through pressure cell with a volume of 0.393 ml, (2) batch experiments with pure hydrates and hydrate-bearing sediments in pressure cells with volumes of 420 ml, and (3) the injection of a CO 2 -N 2 mixture into a hydrate-bearing sediment in a large-scale reservoir simulator with a total volume of 425 L. The results indicate a dissociation of the initial CH 4 hydrate rather than an exchange reaction. The formation of a secondary mixed hydrate phase may occur, but this process strongly depends on the local composition of the gas phase and the pressure at given temperature.
Introduction
Enormous amounts of CH 4 are bonded in natural gas hydrates occurring at all active and passive continental margins, in permafrost regions, and deep lakes (Kvenvolden & Lorenson, 2001 ). CH 4 is encased as guest molecule in the three-dimensional network of hydrogen-bonded water molecules forming cavities of different sizes. To produce the CH 4 from these ice-like crystalline solids, different approaches such as depressurization as well as thermal and chemical stimulation have been tested not only in laboratory studies but also in field trials (e.g., Boswell et al., 2017; Dallimore & Collett, 2005; Yamamoto et al., 2014) . Using the injection of CO 2 into hydrate-bearing sediments as a chemical stimulation method appears to be particularly favorable because it is supposed to combine the release of CH 4 from the hydrate phase with the storage of CO 2 into the solid hydrate. Therefore, several experimental and modeling studies in the last decade focused on this approach (Zhao et al., 2012, and literature within) . Depending on the experimental conditions, the amount of CH 4 recovered from a hydrate phase due to CO 2 replacement varied from 15% in 800 hr (Hirohama et al., 1996) to 50% within 5 hr (Lee et al., 2003) to 60% in 300 hr (Kvamme et al., 2007) , to give just few examples. It could be shown that the exchange of CH 4 with CO 2 initially takes place at the surface of the hydrate grain and goes along with a partial opening or rearrangement of the cavities (Falenty et al., 2016; Ota et al., 2005; Schicks et al., 2011) . Laboratory experiments usually avoid free pore water that may transform into CO 2 hydrate when CO 2 is injected resulting in a decrease of permeability and thus reduced injectivity or clogging. Such an undesired CO 2 hydrate formation close to the injection point could also be observed when supercritical CO 2 was injected into a cold reservoir (275 K) containing free pore fluid (salt water) besides CH 4 hydrate in a sediment matrix (Deusner et al., 2012) . However, in natural systems, the hydrate saturation in the sediment is usually less than 100%, and a free water phase coexists besides the hydrate phase in the pore space. To avoid the formation of CO 2 hydrate with this residual water, the idea of injecting a CO 2 -N 2 mixture rose. According to Kang et al. (2001) and Sfaxi et al. (2012) , the pressure and temperature conditions for the formation of a CO 2 -N 2 -hydrate are shifted to higher pressure and lower temperatures compared to simple CO 2 hydrates. In other words, depending on the p-T conditions and the composition of the used N 2 -CO 2 mixture, the formation of a hydrate phase with the residual water(2012) indicate an enhanced recovery rate of CH 4 from the hydrate phase when a CO 2 -N 2 mixture is used for the chemical stimulation instead of pure CO 2 . In the framework of the Iġnik Sikumi Field Trial, a mixture of about 23 mol% CO 2 and 77 mol% N 2 was injected into the hydrate reservoir. The field trial was conducted within the Prudhoe Bay Unit on the Alaska North Slope during 2011 and 2012 (Boswell et al., 2017; Schoderbeck et al., 2013) . The project aimed to determine the feasibility of gas injection into hydrate-bearing sediments and the observation of the reservoir response upon subsequent flowback in order to assess the potential for the exchange of CH 4 with CO 2 in the naturally occurring gas hydrate. The chosen area exhibits relatively massive and homogeneous sand units with a hydrate saturation of about 60-72%. As the primary testing interval, the "C-1 sand" layer in 684-693-m depth was selected. The reservoir conditions within this layer comprise a pressure of 6.9 MPa, a temperature of 278 K, and an average hydrate saturation of 72%. The field test was conducted in four steps (Boswell et al., 2017): 1. Injection (14 days): During this period, a total volume of 6,114 m 3 (215.9 Mscf) gas containing 22.5% CO 2 and 77.5% N 2 was injected into the reservoir. The injection pressure was held constant at 9.8 MPa, and the temperature of the injected medium remained within 0.1 K of the formation temperature of 278 K. At the early stages of the injection, a decrease in injectivity, probably due to hydrate formation, was observed. 2. Shut-in soak (2.5 days): Operational issues associated with the changeover from injection to production resulted in a period of shut-in time before the flowback could be started. During this time, the bottomhole pressure dropped from 9.8 to 8.27 MPa. 3. Unassisted flowback (1.5 days): During the unassisted flowback, only gas but no water was produced to the surface. The produced gas mixture was continually monitored with a gas chromatograph. Boswell et al. (2017) reported that during this phase, CH 4 was the dominant gas, but they did not quantify the composition of the produced gas phase. 4. Jet-pumped assisted flowback (30 days): During the first 8 days of the jet-pumped assisted flowback, the pressure was kept above the destabilization pressure of the native CH 4 hydrate at a given temperature resulting in a relatively low and variable production of gas, water, and solid. During the next 2-3 days of jet-pumped assisted flowback, the pressure was reduced to pressures very close to the CH 4 hydrate stability pressure at reservoir condition. An increased production of gas with increasing content of CH 4 (above 80 mol%) was observed. The bottom-hole pressure during the third phase of the jet-assisted flowback was chosen below the predicted CH 4 hydrate stability conditions. The produced gas phase contained more than 95 mol% of CH 4 .
A total of 24,410 m 3 (855 Mscf) of CH 4 was released during the production period. Seventy percent of the injected N 2 and 40% of the injected CO 2 were recovered, which implies that 1,421 m 3 (50.2 Mscf) of N 2 and 826 m 3 (29.2 Mscf) of CO 2 remained in the reservoir.
The results of the field test are quite complex and not easy to interpret. A slightly decreasing injectivity indicated the formation of additional hydrate with unknown composition in the reservoir. It is also not known if and how the composition of the native hydrate phase changed during the field trial. The investigation of the recovered gas indicates a preferential retention of CO 2 in the reservoir, but it is not clear if the CO 2 is bonded within the hydrate structures or only dissolved into the pore water. It also shows that CH 4 was released from the reservoir already during the unassisted flowback and during the jet-pumping flowback at pressures within the CH 4 hydrate stability field, but it is not clear whether the produced methane was derived from direct exchange with CO 2 in the hydrate structures. Likewise, it might be released as a result of other processes such as the dissociation of the native hydrate phase due to the chemical disequilibrium as a result of the CO 2 -N 2 injection. The absolute amount of N 2 remaining in the reservoir is almost twice as much as the amount of the remaining CO 2 , but it could not be clarified how the reservoir restrained the flowback of N 2 .
With the present study, we aim to simulate the processes occurring during the Iġnik Sikumi Field Trial on different scales to understand at least the subprocesses of the complex interactions observed in the field test.
We conducted experiments in pressure cells from 0.393 ml to 425 L. To determine changes in the composition of the hydrate phase, we used in situ Raman spectroscopy as well as ex situ X-ray diffraction and Raman spectroscopy. With the injection of the CO 2 -N 2 mixture into a hydrate-bearing sediment in the LArge scale Reservoir Simulator (LARS), we aimed to understand the interaction of the CO 2 -N 2 mixture with the CH 4 hydrates phase on a larger scale.
Materials and Methods

Microscale In Situ Measurements Using Raman Spectroscopy
In situ investigations of the interaction between the gas phase and the hydrate phase were conducted using Raman spectroscopy. For the Raman spectroscopic measurements, the initial CH 4 hydrate phase was synthesized from 150 μl deionized water and CH 4 (purity 2.5) in a pressure cell (0.393 ml) at 7 MPa. The method of initial hydrate formation has been described in detail elsewhere (Schicks & Ripmeester, 2004) . The hydrate growth took place over several days at 7 MPa and 282.7 K until Raman spectroscopic measurements showed the characteristic spectra for a CH 4 hydrate throughout the solid phase (see Figures 1 and 3b ) in coexistence with the gas phase. Since there was no liquid phase visible at that point, it was assumed that the water phase was completely transformed into a CH 4 hydrate phase.
The pressure cell could be used in a temperature range between 245 and 350 K and a pressure range between 0.1 and 10.0 MPa. The temperature of the sample cell was controlled by a thermostat and determined with a precision of ±0.1 K. A pressure controller adjusted the sample pressure with a precision of 2% relative. An important feature of the pressure cell was the use of a continuous gas flow of 1 ml/min, which allowed for the change of the gas composition during the ongoing measurements. The continuous gas flow was measured and regulated with a commercial flowmeter F230-FA-11-Z from Bronkhorst. In order to enable an isothermal experiment by avoiding temperature effects such as local warming or temperature gradients, care was taken that the incoming gas was cooled down before entering the sample cell.
This setup allowed for the change of the gas composition from pure CH 4 to a mixture containing 23 mol% CO 2 and 77 mol% N 2 at pressures between 6.9 and 9.1 MPa at 278 K after the initial CH 4 hydrate phase was formed. For the Raman measurements, a confocal Raman spectrometer (LABRAM, HORIBA) was used, which allowed for the laser beam to be focused on a precise spot, for example, the surface of a hydrate crystal, thus ensuring that only the selected phase was analyzed. The instrument parameters were the following: grating, 1800 grooves/mm; entrance slit, 100 μm; confocal pinhole, 100-200 μm; microscope objective, 20×; laser, external 100 mW diode-pumped solid-state laser with a wavelength of 532 nm. The Raman instrument was calibrated using silicon (521 cm À1 ) and diamond (1,332 cm À1 ). The accuracy of the spectrometer was determined with 3 cm À1 (Schicks & Luzi-Helbing, 2013 ).
Medium Scale Measurements Using Ex Situ X-Ray Diffraction and Raman Spectroscopy
For the experiments on a medium scale, we used pressure vessels with a volume of about 420 ml. Ice was prepared by spraying deionized water into liquid N 2 . The ice beads were grinded in a cryo-mortar before 130 ml of ice beads or 100 ml of sand (SiO 2 > 96%, 80-90% 0.5-1.0 mm), and 30 ml of ice beads were mixed in a beaker and filled into the pressure vessels, pressurized with CH 4 (8.0-10.0 MPa), and stored into a cooling box at 263-268 K for several weeks. A pressure drop at the beginning of the storage indicated the formation of CH 4 hydrate. After 6-9 weeks, no changes in pressure could be detected. Based on the pressure drop and the resulting moles of consumed CH 4 , we roughly calculated the amount of ice transformed into hydrate, which was about 23% in case only ice were present and between 49% and 71% in case ice was mixed with sand. According to the shrinking core model (Kuhs et al., 2006) , we assume that all ice particles are-depending on their diameter-at least covered with a CH 4 hydrate shell or completely transformed into CH 4 hydrate. At that point, CH 4 was exchanged with a gas mixture containing 23 mol% CO 2 and 77 mol% N 2 . For this, the remaining/nonconverted CH 4 head space gas was released and instantly replaced by the CO 2 -N 2 gas mixture. In line with the pressure conditions in the field trial, the applied pressures varied between 7.8 and 9.8 MPa. In four additional experiments, the pressure was chosen above the applied pressures in the field trial, between 10.2 and 11.3 MPa. After exchange of the gas phase, the vessels were stored in a cooling box at 278 K for 2 days. Thereafter, the gas phase was analyzed, and the vessels were opened. If present, the solid phase (including some water as a result of hydrate dissociation or ice melting) was recovered and stored in liquid nitrogen.
For Raman spectroscopic measurements, small pieces of the solid phase were transferred into a Linkam stage at 150 K and analyzed using the same Raman spectrometer described above.
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For the X-ray diffraction measurements, the sample material (hydrate + ice) was continuously handled in liquid nitrogen, and all preparation work was carried out in a cooled glove box at 263 K to minimize hydrate dissociation and condensation of air moisture onto the sample. The sample was grounded in a freezer mill (Spex CertiPrep). The fine crystalline hydrate/ice powder sample was immediately placed on a precooled copper sample holder in a low-temperature chamber (153 K) and measured at ambient pressure. The powder X-ray diffraction patterns were obtained with an Empyrean theta-theta system (PANalytical) with Cu K α radiation (λ = 0.15406 nm) generated at 40 kV and 40 mA. The measurements were carried out in a continuous scan mode in the 2θ range of 8-55°with a total scan time of 312 s. The diffracted X-rays were detected with a PIXcel 3D detector. The spectra were computationally processed to evaluate the hydrate structure and the ratio of ice:hydrate using EVA v11.0.0.3 and AutoQuan v2.7.1.0, respectively.
Prior to the measurements of the ice/hydrate samples, the position of the sample stage was checked by measuring an ice sample. The peak positions of the ice reflections were compared with literature data for hexagonal ice using the program EVA (Rundle, 1953) . The obtained powder pattern of the hydrate/ice samples were also referenced to ice Ih reflections using EVA. The present phases were quantified by means of Rietveld refinement using the full pattern Rietveld program AutoQuan (Kleeberg & Bergmann, 1998) . The crystallographic data for hexagonal ice and structure I hydrate were obtained from the literature (Kirchner et al., 2004; Rundle, 1953; Yousuf et al., 2004 ). The refinement parameters were the phase fractions of ice and structure I hydrate, seven background parameters, and the lattice constants. The atomic positions and displacement parameters were fixed.
The LArge-Scale Reservoir Simulator (LARS)
The LARS is a worldwide unique setup in terms of size and operational parameter and designed for experimental simulations of reservoir-related processes on a pilot-plant scale. It has a total volume of 425 L and holds a sample volume of about 210 L. It allows for the formation of gas hydrates from CH 4 -loaded brine in sediments at pressures up to 25 MPa. The LARS is equipped with a series of pressure and temperature sensors and a cylindrical electrical resistivity tomography (ERT) array composed of 375 electrodes. The ERT is used to monitor the formation and dissociation of gas hydrates and allows for the estimation of the hydrate saturation and distribution within the LARS. Detailed information about the LARS, the formation of CH 4 hydrates from CH 4 -loaded brine, and the ERT are published elsewhere (Priegnitz et al., 2013 Spangenberg et al., 2015) .
In this study CH 4 hydrates were formed in sand (SiO 2 > 96%, 80-90% 0.5-1.0 mm) from CH 4 loaded brine at 281 K and a pore pressure of 10 MPa (confining pressure: 13 MPa) until the hydrate saturation reached about 70%. ERT measurements indicated a heterogeneous hydrate distribution in the sediments with a tendency to higher saturation toward the periphery of the sample reservoir.
A gas mixture of 23 mol% CO 2 and 77 mol% N 2 was injected from the bottom of the LARS. While the injection pump was flow controlled, the production pump was pressure controlled to keep the pore pressure of 10 MPa. The temperature was kept at 281 K and the confining pressure at 13 MPa. A total of six production periods were carried out, separated by shut-in periods of 20 hr to 11 weeks. The composition of the produced gas phase was analyzed for CH 4 , N 2 , and CO 2 using a two-channel gas analyzer CompactGC (Global Analyzer Solutions). The amount of produced water was determined by weighing. Table 1 summarizes all experiments and chosen conditions. Note. LARS = LArge-scale Reservoir Simulator; GC = gas chromatography.
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Results From In Situ Measurements on a Microscale Using Raman Spectroscopy
As mentioned in the previous section, CH 4 hydrate was formed from deionized water over several days until Raman measurements show characteristic spectra for CH 4 hydrate indicating an occupancy ratio of CH 4 encased in large and small cavities of structure I hydrate close to three (see also Figure 3b ).
At this point, the pressure was adjusted to one specific pressure between 6.9 and 9.1 MPa, and the CH 4 gas phase was exchanged with the CO 2 -N 2 gas mixture. Raman spectra were continuously taken to monitor the change of the composition of both, the gas phase and the hydrate phase. Table 2 gives a list of measured and assigned Raman band positions and the corresponding literature data. The position of the Raman bands is significantly shifted to lower wavenumbers when the component is encased in a hydrate lattice. This is true for all measured components CO 2 , N 2 , and CH 4 and allows for a clear differentiation between a component as part of the gas or hydrate phase. For the calculations of the composition of the gas and hydrate phases, the same routine was used as described in Beeskow-Strauch et al. (2011) . The integrated band intensities were corrected with wavelength-independent cross-section factors, assuming that the cross section factors do not vary with pressure, cage type, or the overall composition of the phases (Burke, 2001; Schrader, 1995; Schrötter & Klöckner, 1979) . Errors in the estimate of the concentration of one component based upon replicate analyses are ±2 mol%. The composition of the CH 4 , CO 2 , and N 2 in the gas and hydrate phase is given as relative percentage assuming that the corrected integrated intensities of the selected Raman bands for the molecules are set to 100%.
Independently from the chosen pressure, the initial CH 4 hydrate phase dissociated without any changes in composition over time when exposed to the CO 2 -N 2 gas mixture. However, microscopic observation showed that with increasing pressure, the dissociation of the initial CH 4 hydrate proceeds slower: At 6.9 MPa, the decomposition of the initial hydrate phase was completed after 25 h, whereas CH 4 hydrate crystals remained after more than 60 hr at pressures >8.1 MPa. This pressure-dependent dissociation behavior of the CH 4 hydrate is depicted in Figure 1 . The microscopically taken pictures show that most of the hydrate crystals were melted after 20 hr when the chosen pressure was 6.9 MPa at 278 K. The Raman spectra of the solid phase clearly indicate CH 4 hydrate and did not change until the dissociation process was quite advanced. In contrast, the hydrate crystals did not show significant changes under the microscope after 20 hr when the chosen pressure was >8.1 MPa at 278 K. Optical changes of the hydrate crystals could be observed after >48 hr, but the Raman spectra still indicate pure CH 4 hydrates even after 68 hr. At a higher absolute pressure, the system is deeper within the stability field of a simple CH 4 hydrate, which is a possible reason for a slower decomposition of the initial CH 4 hydrate. In addition, with increasing absolute pressure, the partial pressure of CH 4 in the gas phase increases, which also may affect the dissociation kinetics of the CH 4 hydrate phase.
In addition to the dissociation process, the concurrent formation of a secondary mixed hydrate phase besides the initial CH 4 hydrate phase was only observed at pressures >8.1 MPa. Microscopic observations indicate that the secondary hydrate phase grew as nuggets on the initial CH 4 hydrate phase as shown in Figure 2 .
Raman spectra taken from the hydrate phases clearly showed the coexistence of the initial pure CH 4 hydrate phase besides a gas phase and a mixed hydrate phase containing CO 2 , N 2 , and CH 4 . Figure 3 shows the corresponding Raman spectra of the mixed gas phase and the newly formed mixed hydrate phase at 278 K and Figure 3 .
The amounts of N 2 , CO 2 , and CH 4 encased in the secondary hydrate phase varied as shown in Figure 4 . The composition was calculated from Raman spectra taken at different measuring points of the secondary formed hydrate phase. As a result of these calculations, the gas encased in the hydrate phase were composed of 5-30 mol% CH 4 , 51-69 mol% CO 2 , and 19-26 mol% N 2 . The corresponding free gas phase at that time contained about 10 mol% CH 4 , 21 mol% CO 2 , and 69 mol% N 2 . The results indicate an enrichment of CO 2 in the secondary formed hydrate phase compared to the initial gas phase (23 mol% CO 2 and 77 mol% N 2 ). CO 2 is Figure 2 . After the initial CH 4 hydrate phase was formed (left) and the gas phase was exchanged to a CO 2 -N 2 mixture, the formation of a secondary mixed hydrate phase containing CO 2 , N 2 , and CH 4 on the initial CH 4 hydrate phase was observed at pressures >8.1 MPa and 278 K (right). Figure 1 . Pressure-dependent dissociation behavior of the initial CH 4 hydrate crystals when exposed to a CO 2 -N 2 gas mixture. Microscopic observations indicate the dissociation of almost all hydrate crystals after 20 hr at 6.9 MPa and 278 K. At pressures >8.1 MPa and 278 K, no significant changes of the initial CH 4 hydrate crystals could be observed after 20 hr. After 68 hr, the shape and appearance of the initial CH 4 hydrate crystals have changed significantly; however, the Raman spectra still indicate a simple CH 4 hydrate phase.
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Journal of Geophysical Research: Solid Earth known as a good hydrate former, and the enrichment of CO 2 in the hydrate phase has already been reported in a different context elsewhere (Schicks & Luzi-Helbing, 2015) . Since N 2 is a small molecule and a comparably weak hydrate former (Sloan & Koh, 2008) , the amount of N 2 encased in the hydrate phase is low compared to the amount of N 2 in the free gas phase. Nevertheless, for an achievement of an equilibrium state between the hydrate phase and the coexisting free gas phase, the encasement of all components of the free gas phase into the hydrate phase is essential. Therefore, we did not observe the formation of a pure CO 2 hydrate or a CO 2 -N 2 hydrate. The ratio of large and small cavities occupied with CH 4 in the newly formed mixed hydrate phase varies between 1.7 and 3.6, indicating that there is no preference of CH 4 to occupy any type of cavities.
According to literature, the interactions between a CO 2 phase and an initial CH 4 hydrate phase are described as a replacement of the encased CH 4 molecules with CO 2 molecules: The process is divided into two steps. The first step is a fast reaction at the interface between the hydrate grain and the CO 2 fluid, where a partial destruction of the hydrate cavities and/or rearrangements of water molecules results in a fast release of CH 4 molecules (Falenty et al., 2016; Ota et al., 2005) . According to Falenty et al. (2016) , this destruction is limited to the 
Journal of Geophysical Research: Solid Earth surface before new, mixed hydrate forms. The second step involves the much slower transport of the gas molecules through the bulk hydrate via diffusion (Ota et al., 2005) supported by empty cages in the hydrate structure as well as water vacancies in the cage walls (Falenty et al., 2016; Peters et al., 2008 . This specific exchange of the guest molecules in the hydrate phase results in mixed hydrate containing 23% N 2 , 62% CO 2 , and 15% CH 4 (Park et al., 2006; Shin et al., 2008) .
In this study, however, the observed interaction between the initial CH 4 hydrate phase and the CO 2 -N 2 gas mixture is different. Neither did we observe a fast surface reaction resulting in a release of CH 4 nor did we observe the incorporation of CO 2 or N 2 into the initial hydrate phase resulting in the formation of a mixed hydrate at the surface of the original hydrate grain. In contrast, we observed two parallel processes: (1) the relatively slow dissociation of the initial CH 4 hydrate phase showing only minimal changes of the habitus of the CH 4 hydrate crystals and (2) the formation of a new, mixed hydrate phase as nuggets on the initial CH 4 hydrate phase. These secondary formed hydrate nuggets contained CO 2 and N 2 as well as those CH 4 and H 2 O molecules released due to the dissociation process of the initial CH 4 hydrate phase.
Results From Measurements on a Medium Scale Using Ex Situ X-Ray Diffraction and Raman Spectroscopy
After the exchange of the CH 4 gas phase with the CO 2 -N 2 gas mixture, the pressure vessels were stored for 2-3 days in a cooling box at 278 K. The chosen pressures varied between 9.8 MPa, which corresponds to the injection pressure of the Iġnik Sikumi Field Trial, and 7.8 MPa, according to pressures likely occurring in the reservoir close to well bore. Thereafter, the gas phase was analyzed, and the pressure vessels were opened to recover the solid phase. The amount of CH 4 in the gas phase varied between 1.3 and 3.5 mol%, whereas the amount of CO 2 in the gas phase varied between 20.5 and 22.7 mol%. At pressures between 7.8 and 8.3 MPa, we could not recover a gas hydrate phase; the initial CH 4 hydrate phase was completely dissociated. At pressures >9.1 MPa, small amounts (up to 20%) of structure I hydrates in coexistence with ice could be detected in the solid phase using X-ray diffraction. Raman spectroscopic measurements specify a pure CH 4 hydrate with no indication of CO 2 or N 2 encased in the hydrate phase or the formation of a secondary mixed hydrate phase containing CH 4 , CO 2 , and N 2 . These observations were independently if sand was present or not.
Interestingly, we could not observe the formation of a secondary mixed hydrate phase in the batch experiments at pressures 9.1-9.8 MPa at 278 K although these pressure and temperature conditions were within the stability field of the CO 2 -N 2 and the CH 4 -CO 2 -N 2 mixed hydrate. Since the batch experiments were conducted in a pressure cell without any refreshment of the gas phase after the exchange of CH 4 with the CO 2 -N 2 gas mixture, it can be considered as a closed system. Due to the chemical disequilibrium between the initial CH 4 hydrate phase and the coexisting CO 2 -N 2 gas phase, the original hydrate phase dissociated and released CH 4 , resulting in a gas mixture with low partial pressures for CH 4 and CO 2 . The formation of a secondary mixed hydrate would result in a further depletion of CH 4 and in particular CO 2 in the gas phase, because the latter tends to be enriched into the hydrate phase. As a result, the partial pressure of CO 2 (and CH 4 ) in the gas phase is probably slightly too low for the formation of a hydrate phase or the amounts of formed hydrate are too small to be detected. In contrast, when we conducted the experiments using the continuous gas flow, the gas phase was refreshed every minute, and thus, the partial pressure of CO 2 in the gas phase remained constant, even during the formation of the secondary mixed hydrate phase. Therefore, we observed the formation of a secondary mixed hydrate phase already at pressures >8.1 MPa.
In addition to these experiments at pressures occurring at the field trial, we conducted four more experiments at medium scale applying pressures above 10 MPa. Two experiments were conducted with pure hydrate and two with a sediment/hydrate mixture (see section 2.2 for sample preparation). After CH 4 hydrates have formed, the CH 4 gas phase was exchanged with the CO 2 -N 2 gas mixture, and the pressure vessels were stored for 3 days in the cooling box at 278 K. The pressures were chosen between 10.2 and 11.3 MPa. X-ray diffraction analyses of the recovered solid phase indicate up to 32% structure I hydrate
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Journal of Geophysical Research: Solid Earth besides ice. Similar to the experiments conducted at pressures <9.8 MPa, the Raman spectroscopic measurements prove the existence of pure CH 4 hydrate. However, in contrast to the experiments conducted at pressures <9.8 MPa, we also detected mixed gas hydrates containing CO 2 , N 2 , and CH 4 . These mixed hydrates were very heterogeneous regarding their composition: They contained up 18 mol% N 2 . The amount of hydrate-bonded CO 2 in these newly formed hydrates varied between 9 and 60 mol% whereas the amount of CH 4 varied between 21 and 90 mol%. In the sample that experienced the highest pressure (11.3 MPa), we could also identify a mixed hydrate phase containing only CO 2 and N 2 but no detectable CH 4 .
All microscale (flow-through) and medium (batch) scale experiments were conducted at pressure and temperature conditions within the CH 4 and the CO 2 hydrate stability fields (see Figure 5) . Nevertheless, the results of our experiments clearly show that the initial CH 4 hydrate dissociated when exposed to the CO 2 -N 2 gas mixture. Due to the changes of the chemical environment, the pure CH 4 hydrate did not remain. Remarkably, we could not observe an exchange of the CH 4 molecules in the original hydrate phase with CO 2 or N 2 molecules. Instead, we observed in the flow-through and the batch experiments the dissociation of the initial CH 4 hydrate on the one hand and the formation of a secondary mixed hydrate phase on the other hand. Since the new formed hydrate phase aimed to achieve a chemical equilibrium with the surrounding gas phase, this secondary hydrate phase contained CH 4 , CO 2 , and N 2 in varying quantities according to the composition of the gas phase. As expected, the formation of a pure CO 2 hydrate was not observed. In only one batch experiment applying a pressure of 11.3 MPa, we could detect a hydrate phase containing only CO 2 and N 2 but no CH 4 , indicating that the system did not reach equilibrium.
During the Iġnik Sikumi Field Trial, a decreasing injectivity due to hydrate formation (of unknown composition) was observed in the early stages of the CO 2 -N 2 injection period. Although the transferability to the field may be limited, the results of our microscale and medium scale experiments suggest that the hydrates that formed during the injection were mixed hydrates containing various amounts of CH 4 , CO 2 , and N 2 . In our experiments, the formation of CO 2 -N 2 hydrates could only be observed at 11.3 MPa, a pressure above the highest pressure that occurred in the field trial. As observed in our lab experiments, the changes of the chemical environment of the initial hydrate phase due to the CO 2 -N 2 injection may also lead in the field to the dissociation of the native CH 4 hydrate phase and thus to a release of CH 4 . Depending on the local pressure, a secondary mixed hydrate phase containing CH 4 , CO 2 , and N 2 may have formed.
Results From the LARS Experiment
The experiment in the LARS was conducted at 10 MPa and 281 K, which are conditions within the stability fields of CH 4 and CO 2 hydrate but out of the stability field of a CO 2 -N 2 mixed hydrate (see black dot in Figure 5 ). The chosen p-T conditions avoid the formation of a secondary mixed hydrate with the pore brine, which may have resulted in clogging. With this approach, we preserved the injectivity during the injection of the CO 2 -N 2 gas mixture. The CO 2 -N 2 gas mixture was injected from the bottom of the pressure vessel with an initial flow rate of 50-100 ml/min. However, developments during the experiment made it necessary to adjust the injection rate. The initial average CH 4 hydrate saturation in the sandy sediment was 70% and according to ERT heterogeneously distributed (see also section 2.3).
Generally, the experiment can be divided in five daytime production periods (Figure 6 ) comprising gas injection and production from the reservoir. These times were interrupted by soaking periods of variable length, during which the sample reservoir was kept close to aim for an equilibrium or at least steady state. After a soaking phase of 11 weeks, a final production period was carried out by depressurization.
The gas composition measured during the first five production periods of the LARS experiment is shown in Figure 6 . High N 2 and CO 2 concentrations were measured at the top of the sample reservoir already 20 min Figure 5 . p-T-stability conditions for CH 4 hydrate (red), CO 2 hydrate (blue), a mixed hydrate formed from a feed gas mixture containing 23 mol% CO 2 and 77 mol% N 2 (green), and a mixed hydrate formed from a feed gas mixture containing 10 mol% CH 4 , 21 mol% CO 2 , and 69 mol% N 2 (purple). All stability limits were calculated with CSMGem (Sloan & Koh, 2008) . The gray dots indicate the pressure and temperature conditions chosen for the microscale and medium scale experiments (gray dots with red frame indicate pressures above those pressures applied in the field trial), and the black dot indicates the pressure and temperature conditions chosen for the large-scale reservoir simulator experiment.
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Journal of Geophysical Research: Solid Earth after starting the injection of the gas mixture at the bottom. About 2 hr later, the N 2 :CO 2 ratio in the effluent gas was close to that of the injected gas phase whereas the CH 4 concentration decreased. This indicated an immediate pathway of the injected gas, which preferably migrated through those areas with high permeability and hence low hydrate saturation. This in turn led to minor interaction between the initial CH 4 hydrate phase and the injected gas phase. Since little pore water was produced from the reservoir during day 1 (1.7 L) and day 2 (0.2 L), water was removed manually from the sample reservoir toward the end of injection periods 3 and 4 (1.4 and 2.4 L, respectively) when the CH 4 concentration in the effluent gas had decreased to 5-7 mol%. For this purpose, an additional port close to the bottom of the sample reservoir was used. This procedure increased the free gas volume in the sample reservoir and the contact area between gas, water, and hydrate phases. The effluent gas was dry and clogging had not been an issue throughout the experiment, indicating that pathways once formed stayed open.
The beginning of the production periods was characterized by high CH 4 concentrations (31-37 mol%) and elevated N 2 :CO 2 ratios, both of them decreasing fast in periods 1 and 2. Also after short periods of short times of closure, a transient increase of CH 4 in the produced gas phase could be detected (production periods 1 and 4). In the short production period 3, the manual water discharge overlapped with the CH 4 production, extending it. As a consequence of the manual water removal, the volume of effluent gas with elevated CH 4 concentrations increased during production days 4 and 5. Following an extended soaking period (120 hr), the last production period (5) was characterized by the largest gas release.
The initial increase in CH 4 is a clear indicator for CH 4 hydrate decomposition throughout the soaking period, but the effect of the soaking time on this process seemed to be limited. These observations are in agreement with findings from Seo et al. (2015) . They also observed a transient increase of CH 4 in the produced gas phase after each soaking period, whereas the soaking time does not change the amount of the produced CH 4 .
The capture of CO 2 in the reservoir, evidenced by the increase in N 2 :CO 2 ratios of the effluent gas, could be based on the higher solubility of CO 2 in water compared to N 2 (AirLiquid, 2009) as well as the preferential CO 2 incorporation in a mixed hydrate phase. The last mentioned corresponds to the observation made in our in situ Raman experiments. The gas composition of 30-35 mol% CH 4 , 10-12 mol% CO 2, and 55 mol% N 2 measured at the beginning of each production period would be in equilibrium with a mixed hydrate stable up to 279.5 K at a given pressure of 10 MPa (CSMGem; Sloan & Koh, 2008) . However, the chosen temperature in the Figure 6 . Composition of effluent gas (CH 4 , CO 2 , and N 2 ) during the large-scale reservoir simulator production test using a CO 2 -N 2 mixture (23 mol% CO 2 ; 77 mol% N 2 ; indicated by dotted lines) to be injected into the reservoir. The compositions are shown as a function of the summated times of the five production periods excluding any equilibration periods when valves were closed (overnight from days 1-4 and for 120 hr between days 4 and 5). During production periods 1 and 4 (days 1 and 4), an interruption occurred, and the valves had to be closed for 1-2 hr (shown as data gaps).
LARS was 281 K. Even an increase of CO 2 to 15 mol%, CH 4 to 35 mol%, and reducing N 2 to 50 mol%, thus, having accounted for a dilution by the injection of the N 2 :CO 2 mix, would be a vapor mix in equilibrium with a structure I gas hydrate up to 280.8 K. Therefore, the formation of a mixed gas hydrate containing CO 2 , N 2 , and CH 4 at the given temperature and pressure condition was unlikely.
The analysis of the effluent gas during the depressurization of the sample reservoir 11 weeks after the fifth CO 2 -N 2 injection period indicated the formation of a small amount of a mixed CO 2 -CH 4 hydrate phase. During the second depressurization, the period was characterized by a strong simultaneous increase in CO 2 (35 mol%) and CH 4 (27 mol%) and decrease in N 2 (38 mol%) with a N 2 :CO 2 ratio < 1 (data not shown) over a delimited time period of 30 min while pore pressure had dropped to 52 bar. While the depressurization continued, the CO 2 and N 2 amounts steadily dropped to <5 mol% and <3 mol%, respectively, and CH 4 increased to >90 mol%. The increase of CH 4 during this depressurization points toward the remaining CH 4 hydrate phases. There was no indication for the decomposition of a pure CO 2 hydrate when we reached pressure below the limit of pure CO 2 hydrate.
Summary and Conclusions
We conducted experiments in pressure cells from 0.393 ml to 425 L to simulate processes occurring during the Iġnik Sikumi Field Trial on different scales. We aimed to investigate the interactions between an initial CH 4 hydrate phase and a gas mixture containing 23 mol% CO 2 and 77 mol% N 2 . In our experiments, we observed that these interactions strongly depend on the experimental condition (e.g., pressure and temperature) and operational implementation (continuous flow versus batch). The key findings are as follows:
1. The results from our measurements on a microscale and medium scale both indicate that the initial CH 4 hydrate phase dissociate when exposed to a gas mixture containing 23 mol% CO 2 and 77 mol% N 2 even though pressure and temperature conditions were chosen within the CH 4 hydrate stability limits. The driving force for this process is the disturbance of the chemical equilibrium between the coexisting phases. The kinetic of the dissociation process depended on the pressure condition at a given temperature in the system; with increasing pressure the dissociation process lasted longer. There was no indication for the replacement of CH 4 in the initial hydrate phase with CO 2 or N 2 . 2. At pressures >8.0 MPa, the formation of a secondary mixed hydrate phase was observed in the in situ experiments on a microscale working with a continuous gas flow. Microscopic observations and Raman spectroscopic measurements indicated the formation of a secondary mixed hydrate containing CH 4 , CO 2 , and N 2 according to the composition of the free gas phase. Microscopic observations verify that this process was a new hydrate formation because the new hydrate phases formed as nuggets in coexistence with the initial CH 4 hydrate phase. It was clearly not a result of a replacement of the guest molecules in the initial CH 4 hydrate phase. The composition of the gases encased in the mixed hydrate phases was very heterogeneous and varied between 5-30 mol% CH 4 , 51-69 mol% CO 2 , and 19-26 mol% N 2 , showing a strong enrichment of CO 2 into the hydrate phase. 3. In our medium scale batch experiments at pressures ≤9.8 MPa, we could only observe the dissociation of the initial CH 4 hydrate phase but no formation of a secondary mixed hydrate phase, even though the absolute pressure and temperature conditions were chosen within the stability field of a CO 2 -N 2 mixed hydrate or a CH 4 -CO 2 -N 2 mixed hydrate. A possible explanation could be that the formation of the secondary hydrate causes a depletion of CH 4 and CO 2 in the free gas phase below a minimum concentration necessary for the formation and/or stabilization of a mixed hydrate. As a result, very small amounts of a secondary hydrate phase might have formed only temporarily or were not detected. 4. The results from the LARS experiment indicate the decomposition of the initial CH 4 hydrate phase due to the injection of the CO 2 -N 2 mixture as well as the likely formation of a mixed CO 2 -CH 4 hydrate phase. We observed a channel flow of injected gas through the sample. As a result, very limited surface area of the initial hydrate phase was in contact with the injected gas mixture during the first production periods. However, it is very likely that the release of CH 4 from the initial hydrate phase was the result of the dissociation of the hydrate phase, but it could also be induced by a replacement of the hydrate-bonded CH 4 with CO 2 . Both reactions continued until a new chemical equilibrium or steady state between hydrate and coexisting fluid was established. Therefore, we always observed similar compositions of the first produced effluent gas with a temporary high content of CH 4 after a shut-in soak period.
5. The measured composition of the gas produced during the depressurization test in the LARS indicated that a mixed hydrate containing CH 4 and CO 2 formed. There was no indication for the formation of a simple CO 2 hydrate or a CO 2 -N 2 mixed hydrate.
The transferability of these findings to the Iġnik Sikumi Field Trial is limited. However, based on our experimental simulations, we suggest the following hypothesis: The response of the native CH 4 hydrate phase to the injection of the CO 2 -N 2 mixture changes with the distance from the injection well. In the direct vicinity of the injection well, the pressure is high (>8.0 MPa), and the repeated injection of the CO 2 -N 2 gas mixture refreshes the composition of the fluid phase. At these conditions, the formation of a secondary hydrate phase containing CO 2 , N 2 , and CH 4 is possible. At a larger distance (>50 m), the pressure in the reservoir decreases below 7.5 MPa, and the concentration of the injected CO 2 -N 2 gas mixture decreases. Therefore, only the dissociation of the CH 4 hydrate phase but no formation of a secondary mixed hydrate phase occurs. In between, the secondary hydrate formation will be inhomogeneous and highly variable, dependent on the availability of fluid pathways and the local composition of the fluid phase. Figure 7 displays the different processes occurring at different distances from the injection well.
In conclusion, we assume that the dominant process of CH 4 gas release in the Iġnik Sikumi Field Trial was the straightforward dissociation of the native CH 4 hydrate due to changes of chemical equilibrium and aided by pressure reduction. An exchange reaction of the hydrate-bonded CH 4 with CO 2 and N 2 is unlikely. The injectivity decrease observed in the field test is likely due to the formation of a secondary mixed hydrate containing CO 2 , N 2 , and CH 4 . Nevertheless, the addition of N 2 avoids fast secondary CO 2 hydrate formation along with blocking of pores space, which improves gas transport through the reservoir. . Pressure gradient depending on the distance from injection well. With increasing distance from the injection well, the pressure decreases, and the response of the hydrate in the sediments to the CO 2 -N 2 injection is different. In the direct vicinity of the injection well, the formation of a secondary mixed hydrate is possible; at all other positions, the dominant process is the decomposition of the initial hydrate phase.
